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The serine protease inhibitor neuroserpin regulates the activity of tissue-type plasminogen activator (tPA) in the nervous
system. Neuroserpin expression is particularly prominent at late stages of neuronal development in most regions of the
central nervous system (CNS), whereas it is restricted to regions related to learning andmemory in the adult brain. The phys-
iological expression pattern of neuroserpin, its high degree of colocalization with tPA within the CNS, together with its dys-
regulation in neuropsychiatric disorders, suggest a role in formation and refinement of synapses. In fact, studies in cell culture
andmice point to a role for neuroserpin in dendritic branching, spinemorphology, andmodulation of behavior. In this study,
we investigated the physiological role of neuroserpin in the regulation of synaptic density, synaptic plasticity, and behavior in
neuroserpin-deficient mice. In the absence of neuroserpin, mice show a significant decrease in spine-synapse density in the
CA1 region of the hippocampus, while expression of the key postsynaptic scaffold protein PSD-95 is increased in this
region. Neuroserpin-deficient mice show decreased synaptic potentiation, as indicated by reduced long-term potentiation
(LTP), whereas presynaptic paired-pulse facilitation (PPF) is unaffected. Consistent with altered synaptic plasticity, neuroser-
pin-deficient mice exhibit cognitive and sociability deficits in behavioral assays. However, although synaptic dysfunction is
implicated in neuropsychiatric disorders, we do not detect alterations in expression of neuroserpin in fusiform gyrus of
autism patients or in dorsolateral prefrontal cortex of schizophrenia patients.Our results identify neuroserpin as amodulator
of synaptic plasticity, and point to a role for neuroserpin in learning and memory.
[Supplemental material is available for this article.]
Neuroserpin is a member of the serpin family of serine protease in-
hibitors predominantly expressed in the nervous system
(Galliciotti and Sonderegger 2006). Expression is particularly
high throughout the CNS at late stages of neuronal development,
during neuronal migration, axogenesis, synaptogenesis, and re-
ﬁnement of synaptic connections (Krueger et al. 1997). In contrast,
in adults, neuroserpin expression is restricted to regions of high
plasticity, where synaptic changes are associated with learning
and memory (neocortex, hippocampus, amygdala, and olfactory
bulb). Recently, the hypothetical role of neuroserpin in synaptic
formation and plasticity has been experimentally substantiated.
Overexpression of neuroserpin in primary neurons leads to in-
creased dendritic arborization and altered dendritic spine shape
(Borges et al. 2010), whereas in rat hippocampus neuroserpin over-
expression results in reduced expression of postsynaptic density
protein 95 (PSD-95) without impairment in hippocampal-
dependent learning andmemory (Tsang et al. 2014).Moreover, ex-
pression levels of N-cadherin, an adhesion protein implicated in
synapse formation, are modulated by neuroserpin (Lee et al.
2008). In the visual cortex, neuroserpin expression is increased
during the critical period and decreased following monocular dep-
rivation (Wannier-Morino et al. 2003). Removal of Lynx1, a nega-
tive regulator of adult plasticity, leads to experience-dependent
elevation of tPA and increased plasticity, a process blocked by ad-
ministration of neuroserpin (Bukhari et al. 2015). In addition to
this direct evidence linking neuroserpin to synaptic function,
translational data from schizophrenic patients, a disorder charac-
terized by improper synaptic function, showed dysregulation of
neuroserpin (Hakak et al. 2001; Vawter et al. 2004; Brennand
et al. 2011; Wen et al. 2014), and mice with dysregulated expres-
sion of neuroserpin show selective reduction of locomotor activity
in novel environments, anxiety-like response on the O-maze, and
neophobic response to novel objects (Madani et al. 2003). In this
study, we demonstrate the essential role of neuroserpin in
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maintaining functional synapses in vivo.
In the absence of neuroserpin, synaptic
density, synaptic potentiation, cognitive
and social functions are severely altered.
Results
Reduced spine-synapse density and
elevated levels of the postsynaptic
scaffold protein PSD-95 in
neuroserpin-deficient mice
Overexpression of neuroserpin in cul-
tured hippocampal neurons has previous-
ly been shown to regulate density and
shape of dendritic spines (Borges et al.
2010). To evaluate neuroserpin’s role in
synaptic connectivity in vivo, ultrastruc-
tural analysis was performed. Only adult male mice were included
in this study in order to reduce variability due to aging and gender.
Using thin-sectioning electron microscopy with unbiased stereo-
logical evaluation, the number of spine-synapses was measured
in the stratum radiatumof the CA1 region of Ns−/− and control lit-
termates at 18 wk of age. Spine-synapses were distinguished from
shaft-synapses and a synapse was deﬁned by the presence of a syn-
aptic bouton containing neurotransmitter vesicles and a postsyn-
aptic spine with postsynaptic density, separated by a synaptic
cleft (Fig. 1A). We found a signiﬁcant decrease in spine-synapses
in neuroserpin-deﬁcient mice compared with wild-type (wt) litter-
mates (total number of synapses counted: wt = 562; Ns−/− = 341;
spine-synapse density: wt = 1.46/μm³ ± 0.08; Ns−/− = 0.89/μm³ ±
0.05; n = 3; P = 0.016; Fig. 1B), thereby conﬁrming neuroserpin’s
role in regulating synaptic density in vivo.
Because of the essential role of the scaffolding postsynaptic
protein PSD-95 in spine stability, and since decreased expression
of PSD-95, with unaltered levels of the presynaptic protein
synapsin-I, have been reported in rat hippocampus following
AAV-mediated neuroserpin overexpression (Tsang et al. 2014),
we assessed levels of PSD-95 and of three different presynaptic
marker proteins in hippocampi of adult Ns−/− mice and control
littermates by Western blot analysis. Whereas PSD-95 levels were
signiﬁcantly increased in Ns−/− mice (wt = 1.0 ± 0.22; Ns−/− =
1.68 ± 0.37; P = 0.027) expression of synaptophysin, SNAP25
(synaptosomal-associated protein 25), and synapsin-I were not al-
tered (synaptophysin: wt = 1.0 ± 0.13; Ns−/− = 1.18 ± 0.08; P =
0.100; SNAP25: wt = 1.0 ± 0.22; Ns−/− = 1.02 ± 0.40; P = 0.881;
synapsin-I: wt = 1.0 ± 0.17; Ns−/− = 0.96 ± 0.13; P = 0.494) (Fig. 2).
Synaptic potentiation is impaired
in neuroserpin-deficient mice
The structure of dendritic spines and spine-synapses correlates
with synaptic function, measurable as long-term potentiation, a
cellular parameter of learning and memory (Holtmaat and
Svoboda 2009). Differences in density of dendritic spines and com-
position of postsynaptic scaffold proteins observed in Ns−/−mice
prompted us to measure LTP in Ns−/− mice and control litter-
mates. Since high-frequency stimulation induces three phases of
potentiation at CA3–CA1 synapses (for review, see Volianskis
et al. 2013), we examined whether LTP induction or maintenance
is affected in the absence of neuroserpin. Therefore, we analyzed
three discrete phases after theta-burst stimulation (TBS): post-
tetanic potentiation (0–1 min), which is N-methyl D-aspartate
(NMDA) receptor-independent; LTP induction (10–20 min), corre-
sponding to short-term potentiation, and LTP-maintenance (60–
70 min), corresponding to transient LTP, both NMDA receptor-
dependent (Fig. 3A).Mixed-factor ANOVA demonstrated no signif-
icant difference between all three LTP phases inwild-type or Ns−/−
animals (F(1.10,11.03) = 1.6, P > 0.05). In order to compare synaptic
potentiation between groups during the induction and mainte-
nance phase of LTP, we performed one-way ANOVA analysis.
We found that LTP differed signiﬁcantly between neuroserpin-
deﬁcient mice and control littermates (F(3,20) = 3.4, P < 0.05).
Tukey post hoc analysis revealed that the observed fEPSP
slopes during LTP-maintenance phase (60 min after TBS) were
reduced in Ns−/− mice compared with wild-type animals (Fig.
3B, 192.2% ± 13.4% potentiation in controls, 144.1% ± 7.6% in
Ns−/− mice, P = 0.035), whereas no differences were detected in
the induction phase. This points to deﬁcits in maintenance rather
than in induction of LTP in the absence of neuroserpin.
Next, since neuroserpin is transported along axons and den-
drites and accumulates at presynaptic terminals (Ishigami et al.
2007; Borges et al. 2010), we focused on presynaptic mechanisms
contributing to synaptic potentiation. To evaluatewhether presyn-
aptic function is changed in neuroserpin knockout mice, we
examined paired-pulse facilitation bymeasuring fEPSP slopes in re-
sponse to two stimuli delivered at various interstimulus intervals
(Fig. 4A). PPF is a transient form of presynaptic plasticity in which
the response to the second stimulus is increased based on residual
Ca2+ in the presynaptic terminal due to the ﬁrst stimulus (Katz and
Miledi 1968; Manabe et al. 1993). Both wild-type and Ns−/− ani-
mals showed similar paired-pulse facilitation between 320 and 20
msec, with a clear peak in facilitation at 80-msec interstimulus in-
terval (Fig. 4B, top). We also examined whether the deﬁcits in LTP
could be related to changes in presynaptic function by testing
for PPF after LTP-inducing theta-burst stimulation, but PPF of
fEPSPs was similar in both groups (Fig. 4B, bottom). These results
indicate that neuroserpin is involved in postsynaptic potentiation,
however, a role in presynaptic neural facilitation could not be
demonstrated.
Alterations in hippocampal-dependent behavioral tasks in
the absence of neuroserpin
Given the high expression of neuroserpin in brain regions involved
in cognition (e.g., hippocampus), and the morphological and
functional alterations at the postsynaptic level observed in the hip-
pocampus of Ns−/− animals, we questioned if this phenotype
translates to behavioral deﬁcits. General motor activity,
novelty-induced exploration, and anxiety did not differ between
Ns−/− and control mice; mice of both genotypes covered the
same distances, displayed the same thigmotactic behavior in the
open-ﬁeld test, and performed equally in the elevated plus maze
test (total number of transitions and percentage of open arms
Figure 1. Reduction of spine-synapses in neuroserpin-deﬁcient mice. (A) Electron micrographs of
stratum radiatum in the CA1 region of hippocampus of neuroserpin-deﬁcient mice and wild-type litter-
mates at 18 wk of age. Intact spine-synapses (indicated by arrows) are characterized by postsynaptic spe-
cializations opposed to presynaptic terminals containing synaptic vesicles. Scale bars: 500 nm. (B)
Stereological evaluation of spine-synapse density. Neuroserpin deﬁciency results in a signiﬁcant decrease
in spine-synapse density in the hippocampus of adult mice (mean ± SEM; n = 3; P = 0.016).
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entries) (Fig. 5A–D). We then investigated whether cognitive func-
tionswere affected inNs−/−mice.Whereas no differences were de-
tected between genotypes in working memory (spontaneous
alternation test, Fig. 5E), Ns−/− mice showed signiﬁcant deﬁcits
in hippocampus-dependent cognitive function. In the water
maze test for spatial learning and memory, both genotypes im-
proved their performance throughout the learning sessions, but
Ns−/−mice were not as efﬁcient in ﬁnding the platform as control
littermates as measured by distance swum to reach the platform
(Fig. 5F). When long-term memory was assessed 24 h after the
last learning trial, Ns−/−mice showed an enhancedmeanminimal
distance to platform (Fig. 5G), decreased time at the platform posi-
tion (Fig. 5H) and decreased number of platform crossings com-
pared with wild-type mice (wt = 4.5 ± 0.5; Ns−/− = 2.2 ± 0.5; P =
0.006), indicating that they were not as precise as wild-type mice
in searching at the correct platform position (Fig. 5I,J). Moreover,
Ns−/− mice exhibited impaired memory consolidation and/or re-
trieval in the contextual fear conditioning test, as indicated by
the decreased time spent freezing in the conditioning context
compared with control mice when tested about 1 wk after condi-
tioning. Of note, no differences were de-
tected between genotypes in time spent
freezing during the conditioning proto-
col (wt = 15.3 ± 0.9; Ns−/− = 10.6 ± 1.7;
t18 = 1.59; P = 0.130) or during the memo-
ry retrieval performed in the new cage,
indicating that the expression of the un-
conditioned response and fear generaliza-
tion were unaffected in Ns−/− mice (Fig.
5K). Furthermore, Ns−/− mice showed
deﬁcits in social behavior, speciﬁcally in
social investigation, when given the
choice between two unfamiliar stimuli
presented in a familiar open ﬁeld: an
empty beaker (new object) and a beaker
containing an unfamiliar age-matched
male mouse. In contrast to wild-type
mice, which spent more time investigat-
ing the unfamiliar mouse than the new
object, Ns−/− mice spent equal amounts
of time at both stimuli and less time in-
vestigating the unfamiliar mouse com-
pared with wild-type littermates (Fig.
5L). Altogether, these data suggest that
the absence of neuroserpin leads to memory and social
impairments.
Unaltered levels of neuroserpin in brains from autism
and schizophrenia patients
Our analysis of neuroserpin-deﬁcient mice, together with ﬁndings
previously obtained with primary neurons overexpressing neuro-
serpin (Borges et al. 2010), argue for a role of neuroserpin in regu-
lating synaptic density and plasticity. Since synaptic perturbations
may represent structural correlates of neuropsychiatric disorders
(Penzes et al. 2011) and dysregulated expression of neuroserpin
has been found in schizophrenia (Hakak et al. 2001; Vawter et al.
2004; Brennand et al. 2011; Wen et al. 2014) we investigated neu-
roserpin levels in patients suffering from neuropsychiatric disor-
ders. Neuroserpin protein levels were analyzed by quantitative
Western blotting in post-mortem fusiform gyrus from subjects
with idiopathic autism and controls as well as in post-mortem dor-
solateral prefrontal cortex from subjects with chronic schizophre-
nia and control subjects with no history of psychiatric episodes.
Figure 2. Increased expression of the synaptic protein PSD-95 in neuroserpin-deﬁcient mice.
Representative Western blots of hippocampal extracts from three different animals separated by
SDS-PAGE and analyzed with antibodies against PSD-95 (postsynapse) and synaptophysin, SNAP25,
and synapsin-I (presynapse). Band intensity was normalized to β-actin expression. Relative expression
is presented (AU, arbitrary units), wild-type was set to 1 (mean ± SD; n = 3–4; P = 0.027 for PSD-95; P
= 0.100 for synaptophysin; P = 0.881 for SNAP25; P = 0.494 for synapsin-I).
Figure 3. Long-term potentiation at hippocampal Schaffer collaterals is reduced in neuroserpin-deﬁcient mice. (A) Time course of TBS-induced changes
in fEPSP slopes recorded from Ns−/− (gray squares) and wild-type (white squares) slices show differences in LTP between groups. (Inset) Representative
traces of fEPSPs recorded before (gray) and 60 min after (red) TBS in wild-type and Ns−/− slices. (B) Mean values (n = 6 slices from three mice for wild-type
and n = 7 slices from three animals for Ns−/− littermates) of the synaptic potentiation of averaged fEPSP slopes during different phases after TBS (indicated
in A in red) show signiﬁcant reduction in neuroserpin-deﬁcient mice during maintenance phase only (mean ± SEM; (*) P = 0.035).
Neuroserpin and synaptic function
www.learnmem.org 652 Learning & Memory
Seven anti-neuroserpin antibodies were screened on human and
mouse brain extracts by Western blot. The goat polyclonal anti-
neuroserpin G64A was chosen because of high speciﬁcity and
low background (Supplemental Fig. S1). We did not detect signiﬁ-
cant alterations in neuroserpin expression between the groups for
either condition (autism: control = 1.0 ± 0.32; patients = 0.98 ±
0.45; n = 9 for control, n = 10 for patients; P = 0.931; Fig.
6A. Schizophrenia: control = 1.0 ± 0.66; patients = 1.18 ± 0.75; n =
9 for control, n = 13 for patients; P = 0.561; Fig. 6B. Full Western
blots are available as Supplemental Fig. S2).
Discussion
Although the contribution of the hippocampus to memory and
cognition is well documented, the underlying mechanisms regu-
lating these processes remain enigmatic. In this study, we provide
a direct demonstration that neuroserpin plays an important
role in synaptic plasticity and memory formation in the hippo-
campus. Morphological and biochemical analysis of brains from
neuroserpin-deﬁcient mice show decreased spine-synapse density
and increased PSD-95 protein levels. These alterations are reﬂected
by impairments of synaptic potentiation and by cognitive and so-
cial deﬁcits. Our data support the hypothesis that in the hippo-
campus, neuroserpin mediates changes in synaptic signaling
that may be important for appropriate social and cognitive behav-
ioral responses. To our knowledge, this is the ﬁrst report correlat-
ing neuroserpin deﬁciency with synaptic impairment in vivo.
Decreased spine density has been associated with altered
hippocampal-dependent learning and memory in aged rats and
mice as well as in Alzheimer’s disease
(deToledo-Morrell et al. 1988; von
Bohlen und Halbach et al. 2006;
Perez-Cruz et al. 2011), whereas strategies
that promote spine formation correlate
with memory improvement (Snigdha
et al. 2016). Therefore, our results relating
a decrease in spine-synapses to deﬁciency
in synaptic potentiation and cognitive
and social dysfunction in hippocampal-
dependent tasks are in line with previous
ﬁndings. An inﬂuence of neuroserpin on
spine morphology has already been de-
scribed in primary neurons, where over-
expression of neuroserpin led to a shift
from mushroom-type to thin spines
(Borges et al. 2010). Similarly, in rat hip-
pocampus, AAV-mediated overexpression
of neuroserpin led to decreased PSD-95
expression (Tsang et al. 2014), a postsyn-
aptic scaffold protein required for synapse
stabilization and modulation of synaptic
plasticity (Ehrlich et al. 2007; Cane et al.
2014). Interestingly, we found increased
levels of PSD-95 protein in hippocampi
from neuroserpin-deﬁcient mice, indicat-
ing an inverse correlation between neuro-
serpin and PSD-95 levels. Still, it is not
clear whether neuroserpin directly inﬂu-
ences PSD-95 expression, and as a conse-
quence stability of dendritic spines, or if
it rather regulates spine morphology and
consequently PSD-95 levels. In contrast
to postsynaptic markers, expression of
presynaptic marker proteins does not
seem to depend on neuroserpin levels,
as we did not observe changes in expression of the presynaptic
marker proteins synaptophysin, SNAP25, or synapsin-I in hippo-
campi from neuroserpin-deﬁcient mice. Similarly, Tsang et al.
(2014) did not detect changes in expression of synapsin-I upon
neuroserpin overexpression in adult rat hippocampi.
We analyzed hippocampal synaptic transmission in
neuroserpin-deﬁcient mice and wild-type littermates at Schaffer
collateral synapses in acute hippocampal slices. Our electrophys-
iological data showing a clear reduction in excitatory postsynap-
tic potential (a form of long-term plasticity and a candidate
mechanism for memory formation), provide further evidence
for a synaptic function of neuroserpin (Borges et al. 2010;
Tsang et al. 2014). Whether the alteration in LTP is cause or con-
sequence of the reduced spine-synaptic density observed in
neuroserpin-deﬁcient mice needs to be further investigated. An
association between spine and spine-synapse density, hippocam-
pal LTP and memory impairments has been observed in other an-
imal models. For instance, a single intraventricular injection of
Reelin, a modulator of synaptic function implicated in several
cognitive disorders including autism and schizophrenia, leads
to an increase in dendritic spine density, enhanced hippocampal
CA1 LTP and improved associative and spatial learning and mem-
ory, whereas lack of its receptors VLDLR and apoER2 is responsi-
ble for deﬁcits in LTP and contextual fear conditioning (Weeber
et al. 2002; Rogers et al. 2011). In contrast to this postsynaptic
phenotype, our data do not indicate alterations in presynaptic
PPF. Together with unaltered levels of presynaptic marker pro-
teins synaptophysin, SNAP25 and synapsin-I in neuroserpin-
deﬁcient mice, these results argue against presynaptic effects of
neuroserpin.
Figure 4. Paired-pulse facilitation is unaffected in neuroserpin-deﬁcient mice. (A) Representative traces
of wt (top) and Ns−/− (bottom) slices at different interstimulus intervals. (B) PPF was unaltered in Ns−/−
mice before (top) and after (bottom) application of high frequency stimulation by theta-burst (TBS). The
degree of facilitation, calculated as ratio of 2. pulse fEPSP slope to 1. pulse fEPSP slope, is shown for in-
terstimulus intervals 320, 160, 80, 40, 20 msec (n = 6 slices from three mice for wild-type and n = 7 slices
from three animals for Ns−/− littermates) (mean ± SEM).
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Locomotion and novelty-induced behavior have previously
been assessed in neuroserpin-deﬁcient mice (Madani et al. 2003).
Similarly to us, Madani and colleagues did not detect any differ-
ence between genotypes in the open-ﬁeld paradigm. However, in
the elevatedmaze they reported increased avoidance to novel stim-
uli and, in contrast to our study, reduced
novelty-induced locomotion in
neuroserpin-deﬁcient mice compared
with wild-type mice. The discrepancy be-
tween these results could be due to rele-
vant methodological differences
between the two studies known to inﬂu-
ence novelty-induced exploration in
mice. In our study, we analyzed male
mice caged in groups of littermates,
whereas Madani et al. tested single caged
male and female mice, conditions known
to differentially affect mouse behavior
(Bartolomucci et al. 2003; Palermo-Neto
et al. 2008). Moreover, it can be assumed
that the arenas used in the two studies
(a circular maze with a diameter of 150
cm by Madani et al. versus the more con-
ventional 50 cm× 50 cm maze used by
us) inﬂuence the locomotion patterns of
mice thereby leading to slightly different
results (Eilam 2003; Grabovskaya and
Salyha 2014).
Given the high expression of neuro-
serpin in the hippocampus, a brain re-
gion involved in cognition, dysregulated
levels of neuroserpin reported in patients
suffering neuropsychiatric disorders
(Hakak et al. 2001; Vawter et al. 2004;
Brennand et al. 2011; Wen et al. 2014),
conditions characterized by altered syn-
aptic function (Penzes et al. 2011), and
the absence of reports investigating social
and cognitive function in neuroserpin-
deﬁcient mice, we extended the previous-
ly reported behavioral study (Madani
et al. 2003) and assessed the role of
neuroserpin in cognition and mental dis-
orders by applying multiple testing para-
digms to neuroserpin-deﬁcient mice. We
found impairments in spatial learning
and memory in the water maze test and
in associative learning in the contextual
fear conditioning test. Interestingly, rats
injected with recombinant adenovirus
expressing neuroserpin in the dorsal hip-
pocampus were subjected to the same
behavioral tests (Tsang et al. 2014), but
no alterations were detected, suggesting
that the absence of neuroserpin, but not
its overexpression, alters hippocampus-
dependent cognitive functions. The sit-
uation is different for the regulation of
exploratory behavior and anxiety,
because transgenic mice overexpressing
neuroserpin in neurons under the con-
trol of the Thy1.2 promoter show similar
behavioral abnormalities as do mice deﬁ-
cient in neuroserpin (Madani et al. 2003).
In addition, we observed deﬁcits in social
behavior toward an unfamiliar male
mouse in neuroserpin-deﬁcient mice. This paradigm is indicative
of social deﬁcits characteristic of autism, a disorder characterized
by social avoidance and lack of interest in social interactions
(Silverman et al. 2010; Barak and Feng 2016). The alteration in so-
cial behavior observed in neuroserpin-deﬁcient mice prompted us
Figure 5. Behavioral deﬁcits in hippocampal-dependent tasks in the absence of neuroserpin. (A–D)
Novelty-induced behavior and anxiety were unaffected in Ns−/− mice as shown for distance moved
(A) and distance to wall (B) in the open-ﬁeld test, and for total transitions (C) and time spent on the
open arms (D) in the elevated plus maze test. Open-ﬁeld data are shown for time bins of 5 min. (E)
In the Y-maze test, both genotypes alternated more frequently than expected by chance (50%,
dotted line), indicating that working memory is preserved in Ns−/−mice. (**) P < 0.01 when compared
with chance. (F–J) Impaired spatial learning and memory in Ns−/− mice in the water maze test. (F )
During the learning trials Ns−/− mice swam longer distances to ﬁnd the hidden platform compared
with wt mice. (G) During the transfer trial Ns−/− searched further away from the platform and (H)
spent less time at the platform position compared with wt littermates. (I,J) Cumulative heat maps of
all tracks from wt (I) and Ns−/− mice (J) during the transfer trial. The platform position is indicated
with a dotted circle in the right quadrant of the maze. (K ) Ns−/− mice showed impairment in the con-
textual fear conditioning test. Compared with control littermates, Ns−/− mice spent less time freezing
during the recall trial performed in the conditioned chamber (Context). (L) Impaired social behavior in
Ns−/− mice. Ns−/− mice spent less time than wt littermates with the unfamiliar mouse (mouse, blue
bars), whereas wt mice, but not Ns−/− littermates, spent more time with the unfamiliar mouse than
with the unfamiliar object (object, white bars). For all panels: (*) P < 0.05, (**) P < 0.01.
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to investigate levels of neuroserpin protein in fusiform gyrus of au-
tistic patients, a brain region involved in face perception tasks fun-
damental to sociability and hypoactive in patients with autism
(Boucher and Lewis 1992; Allison et al. 1994; Gauthier et al.
1997; Schultz et al. 2000). We did not ﬁnd any differences in neu-
roserpin expression between the patient and the control group.
Moreover, since dysregulation of neuroserpin expression has
been previously described in patients affected by schizophrenia
(Hakak et al. 2001; Vawter et al. 2004; Brennand et al. 2011;
Wen et al. 2014), we compared levels of neuroserpin between pa-
tients with schizophrenia and controls in dorsolateral prefrontal
cortex, a region essential for working memory, a task shown to
be impaired in schizophrenia (Goldman-Rakic 1994). Again, we
did not detect any changes between schizophrenia patients and
controls. This is in line with the unaltered working memory that
we found in neuroserpin-deﬁcient mice compared with wild-type
controls in the spontaneous alternation test (Y-maze), but contra-
dicts the dysregulated expression previously described in patients.
There are several possible reasons for this discrepancy. We mea-
sured neuroserpin protein levels and not neuroserpin transcripts,
we used brain tissue and not induced pluripotent stem cells from
patients (Brennand et al. 2011; Wen et al. 2014), and the high
variation in neuroserpin levels between patients of the same group
found in this study may have led to false-negative signiﬁcance.
Overall, this work demonstrates the decisive role of neuroser-
pin in regulating cognitive and social processes in the hippocam-
pus by modeling morphological, biochemical, and functional
aspects of synapses. Furthermore, these results introduce a new
player in the pathogenesis of cognitive and social dysfunction
and reinforce the link between synaptic dysfunction and social def-
icits. At the molecular level, further work is needed to explain the
mechanisms of neuroserpin’s contribution to synaptic plasticity.
Materials and Methods
Animals
Generation of neuroserpin-deﬁcient mice (Ns−/−) has been previ-
ously described (Madani et al. 2003). The strain was established on
a mixed 129SvEv/C57BL/6 background and backcrossed into
C57BL/6J for more than 10 generations. Wild-type and knockout
animals used in this study were generated from heterozygous
breeding pairs. To reduce variability due to aging and gender,
only male mice aged 15–25 wk were
used in this study. Animal experiments
were in strict accordance with the princi-
ples of laboratory animal care (NIH publi-
cation No. 86-23, revised 1985), the
recommendations in the Guide for the
Care and Use of Laboratory Animals of
the German Animal Welfare Act on pro-
tection of animals and the ARRIVE
guidelines.
Human brain tissue samples
The Research Ethics Board of McMaster
University as well as local and institution-
al ethics committees at Parc Sanitari Sant
Joan de Déu approved all experimental
protocols following the guidelines and
legislation. The work described was car-
ried out in accordance with The Code of
Ethics of the World Medical Association
(Declaration of Helsinki), and informed
consent was obtained for experimenta-
tion with human subjects. Frozen sam-
ples of fusiform gyrus from subjects with
idiopathic autism (n = 10, 3 females and
7males,mean age 17.1 ± 10.8) and appro-
priate controls (n = 9, 2 females and 7 males, mean age 28.6 ± 18.2)
were provided by Autism BrainNet, a resource of the Simons
Foundation and Autism Research Initiative, now including also
the Autism Speaks AutismTissue Program (ATP) collection. The au-
thors also acknowledge the Autism Tissue Program that was the
predecessor to Autism BrainNet and provided this tissue via the
Harvard Brain Tissue Resource Centre (Belmont, MA) and the
National Institute of Child Health and Human Development
(NICHD) Brain and Tissue Bank (University of Maryland,
Baltimore, MD). Frozen samples (dorsolateral prefrontal cortex,
Brodmann area 9) from subjects with schizophrenia (n = 13, all
males, mean age 80.9 ± 7.0) and controls (n = 9, 5 males and 4 fe-
males, mean age 71 ± 8.6) were from Parc Sanitari Sant Joan de
Déu (Roca Casasús et al. 2008) and the Institute of Neuropathology
Brain Bank (HUB-ICO-IDIBELL Biobank). Samples were matched
for age, gender, and post-mortem interval whenever possible. All
specimens were stored at −80°C before use.
Clinical information on autism samples was obtained
through the Autism Tissue Program online portal (http://www.
atpportal.org) (Garcia et al. 2012; Nicolini et al. 2015). The diagno-
sis of autismwas conﬁrmed using the AutismDiagnostic Interview-
Revised (Lord et al. 1994). With the exception of cause of death,
there were no signiﬁcant differences between groups for these var-
iables (Garcia et al. 2012). Samples from patients with known ge-
netic causes of autism spectrum and related disorders (Rett,
Asperger etc.) were excluded.
The diagnosis of schizophrenia was made according to
Diagnostic and Statistical Manual of Mental Disorders IV
(DSM-IV) and International Classiﬁcation of Diseases 10
(ICD-10) criteria. A summaryof the samples fromautismand schiz-
ophrenia patients is shown in Table 1. Sex aspect could not be con-
sidered because of limited human material.
Electron microscopy
Eighteen week-old neuroserpin-deﬁcient mice (n = 3) and wild-
type littermates (n = 3) (all male) were sacriﬁced and transcardially
perfused with 1% glutaraldehyde and 1% paraformaldehyde in 0.1
M phosphate buffer, pH 7.4. After ﬁxation, brains were post-ﬁxed
in 1% OsO4 for 30 min, dehydrated in graded ethanol using 1%
uranyl acetate in 70% ethanol for 30 min, and embedded in
Epon 820 (Serva). The blocks were trimmed to contain only stra-
tum pyramidale and radiatum of the CA1 region. Thin sections
were cut on a Reichert-Jung OmU3 ultramicrotome. Ultrathin sec-
tions were stained with uranyl acetate, followed by lead citrate. For
the analysis of spine-synapse density, electron microscopy (EM)
Figure 6. Neuroserpin expression levels are unaltered in brains of patients affected by autism and
schizophrenia. Representative Western blots of extracts from (A) fusiform gyrus from ﬁve subjects with
idiopathic autism and four controls and (B) dorsolateral prefrontal cortex from seven subjects with schiz-
ophrenia (SZ) and four controls. A total of 10 patients and 9 controls were tested for autism, 13 patients
and 9 controls for schizophrenia. Neuroserpin band intensity was normalized to β-actin expression, and
expression in control patients was set to 1 (AU, arbitrary units; mean ± SD; P = 0.931 for autism; P =
0.561 for schizophrenia).
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prints covering corresponding neuropil ﬁelds in pairs of consecu-
tive serial ultrathin sections were analyzed. Photographs were tak-
en from the proximal aspect of radiatum (the termination zone of
Schaffer collateral path) at a magniﬁcation of 2600×, with the ob-
server blinded to the sample’s genotype. Areas occupied by inter-
fering structures, such as large dendrites or blood vessels, were
intentionally avoided. To obtain a comparablemeasure of synaptic
numbers, unbiased for possible changes in synaptic size, the dissec-
tor techniquewas used (Sterio 1984). The density of spine-synapses
of pyramidal cell dendrites was calculated with the aid of a refer-
ence grid superimposed on the EM prints. Only those spine-
synapses that were present in the reference section, but not in
the look-up section, were counted. The dissector volumewas calcu-
lated by the distance (0.1 μm) between the reference and the look-
up section. At least 10 neuropil ﬁelds were photographed on each
EM grid. With at least two grids of each section (containing two
pairs of consecutive, serial ultrathin sections), each animal provid-
ed at least 10 × 2 × 2 = 40 neuropil ﬁelds. Each pair of photographs
(photos of reference and look-up sections) represented an 8 × 8 ×
0.1 μm= 6.4 μm³ volume. For 40 photographs analyzed, this repre-
sents a volume of at least 256 μm3 per animal.
Protein extraction
Hippocampi (dissected from 15-wk-old mice, all male) were ho-
mogenized in 200 μL 20 mM Tris–HCl, pH 7.5, containing 150
mM NaCl, protease inhibitor cocktail (complete, Mini, EDTA-
free, Roche) and PhosSTOP phosphatase inhibitor cocktail
(Roche) using a dounce homogenizer. Proteins were solubilized
by the addition of Triton X-100 to a ﬁnal concentration of 1%.
Extracts were cleared from insoluble material by centrifugation
for 30 min at 20,000g, 4°C, and protein concentration of the su-
pernatant was determined with Quick Start Bradford 1× Dye
Reagent (BioRad Laboratories) as described by the manufacturer.
Protein extraction from human brain tissue samples was per-
formed as previously described (Garcia et al. 2012; Nicolini
et al. 2015). Samples were sonicated on ice without thawing in
homogenization buffer with protease inhibitor cocktail (com-
plete, Mini, EDTA-free) and PhosSTOP phosphatase inhibitor
cocktail. Homogenates were incubated on ice for 15 min and
then centrifuged at 12000g for 30 min, 4°C, to precipitate insol-
uble debris. Protein concentrations were determined using Quick
Start Bradford 1× Dye Reagent (Bio-Rad Laboratories) as described
by the manufacturer.
Western blotting and densitometry
Mouse hippocampal extracts (80 μg total protein) were electropho-
retically separated on 10% SDS-PAGE under reducing conditions.
Proteins were transferred to nitrocellulose membranes (Bio-Rad
Laboratories) andmembraneswere blocked for 1 h at room temper-
ature with 5% nonfat dry milk in Tris-buffered saline containing
0.05% Tween-20 or with a 1:1 solution of phosphate-buffered sa-
line (PBS) pH 7.4 and Odyssey Blocking Buffer (BB) (LI-COR
Biosciences). Overnight incubation at 4°C of the primary antibody
was followed by incubation with horseradish peroxidase-
conjugated secondary antibody (1:5000) for 1 h at room tempera-
ture and visualization of the bands with SuperSignal West Pico
(Pierce) and ChemiDoc XRS (Bio-Rad Laboratories). Alternatively,
secondary antibodies conjugated with IRDye 800CW or IRDye
680RD (1:10,000) (LI-COR Biosciences) were incubated for 1 h at
room temperature and membranes were scanned using an
Odyssey Infrared Imaging System (LI-COR Biosciences). Densito-
metric quantiﬁcation was performed with Imager Gel Doc System
and Quantity One software (Bio-Rad Laboratories) (Schipanski
et al. 2014) or using LI-COR Odyssey Software, version 2.0 and lo-
cal background subtraction.
Human brain extracts (35 μg total protein) were electropho-
retically separated on 10% SDS-PAGE under reducing conditions.
Proteins were transferred to nitrocellulose membranes (Bio-Rad
Laboratories) andmembraneswere blocked for 1 h at room temper-
ature with a 1:1 solution of phosphate-buffered saline (PBS) pH 7.4
and Odyssey Blocking Buffer (BB) (LI-COR Biosciences). Overnight
incubation at 4°C of the primary antibody in BB:PBS (1:1), 0.5%
Tween-20 (PBS-T) was followed by incubation with the secondary
antibodies conjugated with IRDye 800CW or IRDye 680RD
(1:10000) (LI-COR Biosciences) for 1 h at room temperature. Last,
the blots were scanned using an Odyssey Infrared Imaging
System (LI-COR Biosciences). Band intensities were quantiﬁed by
densitometry with local background subtraction using LI-COR
Odyssey Software, version 2.0. EachWestern blot contained a stan-
dard curve consisting of different amounts of protein per lane
(from 10 to 70 μg) to allow normalization between blots and to en-
sure that the sample loading amount was in the linear range of
Table 1. Autism, schizophrenia, and control cases used in the study
ASD patients SZ patients
Sex Age PM delay Diagnosis Sex Age PM delay Diagnosis
M 56 23 h 40 min C M 79 5 h C
M 30 23 h C F 79 3 h 40 min C
M 27 10 h C F 82 3 h 5 min C
M 16 26 h 10 min C F 76 3 h 50 min C
F 36 18 h C M 70 2 h C
M 56 23 h C M 67 14 h 40 min C
F 8 20 h C M 57 4 h 30 min C
M 8 5 h C M 61 4 h 30 min C
M 20 22 h C F 68 4 h 30 min C
M 22 25 h ASD M 69 8 h SZ
F 7 14 h ASD M 80 6 h SZ
M 20 23 h 40 min ASD M 89 1 h SZ
M 22 18 h ASD M 91 3 h SZ
M 39 14 h ASD M 75 6 h SZ
M 27 8 h 20 min ASD M 76 8 h SZ
M 5 25 h 30 min ASD M 86 1 h 30 min SZ
M 9 13 h ASD M 76 5 h 15 min SZ
F 9 24 h ASD M 90 3 h SZ
F 11 12 h 50 min ASD M 81 5 h SZ
M 87 3 h SZ
M 74 7 h SZ
M 78 7 h SZ
M, male; F, female; PM, post-mortem delay; C, control; ASD, autism spectrum disorder; SZ, schizophrenia.
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detection for all targets tested. Moreover, correct identity of the
neuroserpin band was guaranteed by running a hippocampal ex-
tract from a neuroserpin-deﬁcient mouse as a negative control.
Antibodies
Generation and afﬁnity-puriﬁcation of anti-neuroserpin goat poly-
clonal antibody has been previously described (Galliciotti et al.
2007). Commercially available antibodies included: Anti-synapto-
physin (ab32594) and anti-SNAP25 (ab41455) from Abcam,
anti-synapsin-I (D12G5) from Cell Signaling Technology,
anti-PSD-95 (clone EP2652Y) and anti-β-actin (clone C4) from
Millipore.
Hippocampal acute slice preparation
Mice aged 21–27 wk (all male) were anesthetized with isoﬂurane
and subsequently decapitated. The brain was removed immediate-
ly and transferred into ice-cold ACSF (artiﬁcial cerebrospinal ﬂuid).
Horizontal hippocampal slices (300 μm) were cut using a microvi-
bratome (VT1000; Leica). Slices were kept at 37°C in continuously
oxygenized ACSF containing 125 mM NaCl, 25 mM NaHCO3, 2.5
mM KCl, 1.25 mM NaH2PO4, 2 mM CaCl2, 1.5 mM MgCl2, 22.7
mM D-glucose for 30 min after slicing and remained for another
60 min during cooling to room temperature.
Electrophysiology
Acute slices were transferred to a brain slice chamber and continu-
ously perfusedwith oxygenized ACSF using a peristaltic pump (2–3
mL/min). Slices were allowed to equilibrate for at least 30 min in
ACSF at 29°C–32°C before electrode placement and recordings
were started. In all experiments, evoked-ﬁeld excitatory postsynap-
tic potentials (fEPSPs) were recorded extracellularly from the
stratum radiatum of the CA1 area. Schaffer collaterals were stimu-
lated concomitantly with a second glass electrode placed in the
CA3 area, ∼500 μm from the recording electrode. All glass elec-
trodes were ﬁlled with ACSF and had resistances between 2 and 4
MΩ. Stimulation, data acquisition and analysis were carried out us-
ing Pulse software in combination with an EPC-9 patch-clamp am-
pliﬁer (HEKA). The synaptic responses were preampliﬁed (gain of
10) by a Phillips PM 5170 ampliﬁer.
LTP
At the beginning of each recording, single pulses (0.2 msec, every
2.5 sec) were used to set the stimulus strength, yielding baseline
fEPSPswith an amplitude≤50% from the fEPSP subthresholdmax-
imum. To induce LTP, we used theta burst stimulation (TBS), a pat-
tern consisting of eight bursts applied at 5Hzwith each burst being
composed of four pulses at 100 Hz and 0.2-msec pulse duration
(modiﬁed from Muller et al. 1996; Bukalo et al. 2004). Synaptic
transmission was monitored every 20 sec (three consecutive data
points were averaged to single time point = 1 min). After 20-min
baseline recording, TBS was administered to induce LTP, and syn-
aptic transmission was monitored continuously for a further 70
min after high frequency stimulation. The mean percentage
changes of fEPSP slopes (calculated at 60–70minpost-tetanus com-
pared with baseline average 20–0 min pretetanus) were used as a
measure of LTP.
PPF
Paired-pulse facilitation, a presynaptic facilitation, was induced
with two stimuli of equal intensity delivered in closely spaced,
variable interstimulus intervals ranging from 320–20 msec.
Facilitation was measured as a ratio of the fEPSP slope of stimulus
2 to that of the ﬁrst stimulus, averaged over three responses per
pulse pair.
Behavioral analyses
Husbandry and animals
Wild-type mice and Ns−/− littermates were transferred from the
breeding facility into a vivarium with an inverted 12:12 light:
dark cycle (light off at 8:00 a.m.) and maintained in groups of 2–
4 littermates under standard housing conditions (21 ± 1°C, 40%–
50% humidity, food and water ad libitum). All tests were per-
formed during the dark cycle of the animals in a room next to
the vivarium that was illuminated with dim red light. Tests started
and ended at least 2 h after light offset and 3 h before light onset,
respectively. The experimentalmaterial was cleanedwith soap, wa-
ter, and ethanol (70%) before and after each contact with an ani-
mal. To avoid a “litter effect,” no more than two animals per
genotype were used from the same litter. Eleven wild-type mice
and 10 Ns−/− littermates (all male, aged 16–25 wk) underwent a
longitudinal study starting 3 wk after they had been accustomed
to the animal facility according to the temporal order: open ﬁeld,
elevated-plus maze, spontaneous alternation, social behavior, wa-
ter maze, and contextual fear conditioning tests. Tests were sepa-
rated by at least a 2-d break. All tests were video-recorded. Tracks
representing the position of the mice were created and analyzed
with the software EthoVision (Noldus) as described (Freitag et al.
2003). Analysis of behavior with the software The Observer
(Noldus) was performed by a trained experimenter blind to the ge-
notype. The experimenter trained himself until he repeatedly
scored at least 90% consistency between two analyses performed
at different times on the same mouse, as calculated with the
Reliability Test provided by the software The Observer (having 1
sec as maximal time discrepancy between two evaluations).
Open field
The open-ﬁeld test was performed in a box (50 cm× 50 cm and 40
cm high) illuminated with white light (10 lux). Mice were started
from one corner of the box, and their behavior was analyzed for
15 min. Distance moved, mean minimal distance to walls, time
spent in the center (an imaginary 25 cm × 25 cm square in themid-
dle of the arena) were analyzed with the software EthoVision,
whereas the parameters rearing on wall (the mouse stands on the
hind limbs and touches thewall with at least one forepaw) and self-
grooming were analyzed by a blind observer for the ﬁrst 5 min of
the test using the software The Observer.
Elevated plus maze
The maze had the shape of a plus with four 30 cm long and 5 cm
wide arms, connected by a squared center (5 cm × 5 cm). Two op-
posing arms were bordered by 15-cm high walls (closed arms),
whereas the other two arms (open arms) were bordered by a
2-mm rim. The maze was elevated 75 cm from the ﬂoor and an in-
frared camera allowed video-recording under total darkness. The
mouse was placed into the center facing one open arm and left
on the maze for 5 min. The following parameters were analyzed
with TheObserver: entries into the open and closed arms (calculat-
edwhen all four pawswere on an arm), total transitions (the sumof
entries into the open and closed arms), entries into the edges of the
open arms (calculated when the mouse reaches with its snout the
edge of an open arm), latency to enter into the open arms, latency
to reach the edge of an open arm, stretch attend posture toward the
open arm, rearing, self-grooming, head dips from the “protected”
area (headmovements over the side of an open armwith the snout
pointing downwards while themouse is still in the center or closed
arm), and head dips from the “unprotected” area (head dips are
done as the mouse is on the open arms).
Spontaneous alternation
Spontaneous alternation in the Y maze was performed to test for
workingmemory performance. The maze consisted of three equal-
ly sized arms (34 cm × 5 cm and 30 cm high) made of transparent
Plexiglas connected such as to make a Y and illuminated with 5
lux. Mice were placed in the center of the maze and allowed to
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freely explore themaze until they performed 27 transitions or after
a maximal given time of 20 min. An entry into any arm with the
four paws was considered as a transition. An entry into a new
arm after having visited the two other armswas considered as alter-
nation. Data were analyzed as percentage of alternations over all
transitions. Average time tomake a transition was calculated by di-
viding the duration of the test by the number of total transitions.
Social behavior
In this test, motivation to investigate a social stimulus was tested
by giving the experimental mouse the choice to investigate a
beaker containing an unfamiliar sex-matched mouse or an empty
beaker. The apparatus consisted of a squared box (50 cm× 50 cm
and 40 cmhigh) illuminatedwithwhite light (10 lux). Two beakers
made of transparent plastic (diameter 10 cm, 15 cmhigh) with sev-
eral holes (diameter = 1 cm) drilled at the bottom were placed at
two opposite corners of the box. In one beaker an unfamiliar adult
male mouse was placed. The 10-min test started by placing the ex-
perimental mouse next to the beaker with the social stimulus.
Distance moved and time at the beakers was analyzed with
EthoVision, whereas rearing, self-grooming, and time spent sniff-
ing the two beakers were analyzed with The Observer.
Water maze
The water maze consisted of a circular tank (145 cm in diameter)
circled by dark curtains. The water was made opaque by the addi-
tion of nontoxic white paint such that the white platform (14
cm diameter, 9 cm high, 1 cm below water surface) was not visible.
Four dark landmarks (35 cm× 35 cm) placed on a white back-
ground, differing in shape and gray gradient were hung on the in-
ner white wall of the maze. Light was provided by four white spot
lights placed on the ﬂoor around the swimming pool that provided
homogeneous illumination of 60 lux on the water surface.
Landmarks were arranged in an asymmetric fashion, so that mice
could locate the platform by using the Euclidean properties of
the environment (Morellini 2013). Before the experiment started,
mice were familiarized for 3 d to swim and climb onto a platform
(diameter of 10 cm) placed in a small rectangular maze (42.5
cm × 26.5 cm and 15.5 cm high). During familiarization, the posi-
tion of the platform was unpredictable since its location was ran-
domized and training was performed under darkness. After
familiarization, mice underwent three learning days during which
they had to learn the location of a hidden platform. Starting posi-
tion and position from which mice were taken out of the maze
were randomized. At day 1, mice underwent four learning trials
(maximum duration 90 sec, inter-trial interval of 20 min). After
staying on the platform for 10 sec, mice were returned to their
home cage and warmed up under red light. Day 2 consisted of
ﬁve trials: trials 1, 2, 4, and 5 were learning trials, whereas trial 3
was a so-called transfer trial during which the platform was re-
moved (short-term memory transfer trial). Day 3 consisted of one
transfer trial (long-term memory transfer trial). The transfer trials
had a ﬁxed duration of 60 sec. All trials were video recorded and
the position of themicewas tracked using the software EthoVision.
Contextual fear conditioning
In this test, mice had to learn the association between the uncon-
ditioned (electric footshock: 340 μA, 1 sec) and conditioned (con-
text) stimuli. Mice were conditioned in the context, a chamber
(23.5 cm × 23.5 cm and 19.5 cmhigh) with Plexiglas walls and ceil-
ing and a stainless grid-ﬂoor fromwhich an electric shock could be
elicited. The chamberwas illuminated bywhite light (10 lux).Mice
were placed in the center of the cage and received three electric
footshocks at 120, 160, and 200 sec. At 230 sec, the recoding ended
and the mouse was immediately returned to its home cage. Mice
were tested for memory retrieval in the conditioning chamber
(context) and in an unfamiliar cage (new cage). The new cage con-
sisted of a Plexiglas cage (15 cm × 25 cm and 23 cm high) with a
stainless grid-ﬂoor and different landmarks placed on the external
side of the walls. During the memory retrieval test, all conditions
were kept the same as for the conditioning protocol, except that
the mice did not receive any shock. Mice were tested for memory
retention 6 and 7 d after the conditioning trial. To avoid possible
bias due to the temporal order of the tests, half of the mice from
each genotype were ﬁrst tested in the context and then in the
new cage, whereas the other half were tested ﬁrst in the new cage
and then in the context. The conditioned response was analyzed
using infrared sensors (Mouse-E-Motion, Infra-e-motion) by quan-
tifying the percentage of time spent freezing, i.e., no body move-
ment besides breathing for at least one second.
Statistical analysis
Ultrastructural, electrophysiological, and behavioral data are re-
ported as mean ± SEM. Protein band quantiﬁcation from Western
blots is reported asmean ± SD, differences betweenNs−/− and con-
trol littermates as well as patient and control sampleswere calculat-
ed by Student’s t-test. For LTP measurements, data were analyzed
bymixed-factor ANOVA to checkwhether there are statistically sig-
niﬁcant differences in fEPSP slopes during various phases of LTP
between wild-type and Ns−/− animals (within group factor = LTP
phase, between group factor = genotype). In order to determine pu-
tative differences between induction (10–20 min after TBS) and
maintenance phase (60–70 min after TBS) we examined the data
by one-wayANOVA followedby Tukey post hoc test. For the behav-
ioral analysis, data were analyzed either by Student’s t-test or by
mixed two-way ANOVA for repeated measurements having geno-
type as between group factor and time bin (for the open-ﬁeld
test), learning trial (for the water maze test), chamber (“Context”
versus “New cage” for the contextual fear conditioning test), or
stimulus (“Mouse” versus “Object” for the test for social behavior)
as within group factor, followed by Newman–Keuls post hoc anal-
yses when appropriate. For the Y-maze, the percentage of alterna-
tions of each genotype was tested against the chance value (50%)
using the one-sample t-test. All tests were two-tailed. Statistical sig-
niﬁcance was set at *P < 0.05, **P < 0.01, and ***P < 0.001. The fol-
lowing Software was used: Statgraphics Statistical Analysis and
Data Visualization Software version 5.1, GraphPad Prism version
5.0 (GraphPad Software), PulseFit 8.11 (HEKA Elektronik), Sigma
Plot (SPSS), Excel (Microsoft-Ofﬁce), and SPSS 18.0 (IBM).
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